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FINAL REPORT

1.0 INTRODUCTION

The Hull Corporation, Thinco Division, has been awarded a

contract by the Naval Air Development Center to develop and

fabricate thin film chip inductors for hybrid circuit appli-

cations. The project consisted of two phases. In Phase I,

the objective was to develop inductors having inductance

values in the range of 25 to 100 nanohenries, and in Phase II,

the range of 250 to 1000 nanohenries.

The inductors were fabricated by depositing alternating lay-

ers of metal and insulating material. To form a helical wind-

ing, the coil was deposited in increments of one-half turns.

The deposition sequence is shown in Fig. 1.0-1. The geometry

of the inductor can be either circular as shown, or rectangular.

The terminals of the inductor are located at opposite sides of

the inductor for making electrical connections.

The most important parameters of an inductor are the Q factor

and the self-resonant frequency. The effort on this project

has been mainly devoted to the improvement of these parameters.

For high inductance values, magnetic material is used to in-

crease the inductance to achieve the high inductance value

required.

Accurate measurement of the parameters of an inductor at high

frequencies presents considerable difficulties. Effort has

been spent to devise various methods of measurement in an

attempt to find the best approach.

-1-
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2.0 OPTIMIZATION OF INDUCTOR PARAMmTERS

The two important electrical parameters of an inductor are

the Q factor, and the self-resonant frequency (SRF). It is

desirable to have the highest values of these parameters

possible.

2.1 Q-FACTOR

The Q-factor of an inductor is defined as the ratio (L/R,

wherecois the angular frequency, L the inductance, and

R the effective resistance. The effective resistance is con-

tributed by the series resistance of the inductors and the

parallel resistance due to the losses in the dielectric be-

tween turns. The equivalent circuit is shown in Fig. 2.1-1,

where R s represents the effective series resistance at the

anq;ular frequencyWo, Rp the parallel resistance, and C the

distributed capacitance. The resultant Q-factor is approxi-

mately:

Qe QQ

where 01 L L R

Therefore, to achieve a high value of Q-factor the series

resistance Rs must be kept as low as possible and the paral-

lel resistance, Rp as high as possible. For a given geometry

of an inductor the series resistance is decreased by increas-

ing the thickness of the metal. Aluminumi was selected for

the conductor deposition because of its relatively high con-

ductivity and ease in deposition. The maximum thickness of

-2-
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aluminum is limited by skin-effect and the deposition pro-

cess. The skin-effect of aluminum at 1 GHz is approximately

2.7 microns. The thickness of aluminum for most of the in-

ductors fabricated was 3 microns. Therefore, the series

resistance of the inductors operating at I GIlz and below is

not skin-effect limited.

To reduce the loss in the dielectric which contributes to the

parallel resistance in the equivalent circuit of the inductor,

considerable amount of effort has been devoted in the search

and experimentation of a superior dielectric material. A

number of them have been investigated. For the purpose of

evaluation, capacitors were fabricated by depositing alter-

nate layers of aluminum and the dielectric materials under

evaluation. The Q-factors of the capacitors was then measured

for comparison. The dielectric materials evaluated were

silicon dioxide (SiO2 ), silicon monoxide (SiO), magnesium

fluoride (MgF2 ), and P'yrex 7740. Both the SiO 2 and SiO gave

high losses after deposition, MgF 2 has lower losses but de-

veloped fine cracks after deposition. Pyrex 7740 was dis-

carded because of higher losses and dielectric constant.

After exhaustive search for a better dielectric material, a

single phase cermnic dielectric material was found to be the

best for the fabrication of inductors. The dielectric con-

stant is approximately 4 and a very low loss was maintained

after being deposited by electronic beam method. The material

is designated by Thinco T-3.

-3-
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2.2 SELF-RESONANT FREQUENCY

To increase the self-resonant frequency (SRF), the distributed

capacitance of the inductor must be kept as low as possible.

The distributed capacitance is approximately

Cd - t

N-I

where Ct is the capacitance between two aljacent turns of the

inductor and NI is the number of t irns of the inductor. The

value of Ct is given by the following expression

Ct = 0.2246 -A picofarads
t

where E is the dielectric constant of the dielectric, A

the area in square inches of one turn of the inductor in the

plane parallel to the substrate, and t the thickness in

inches of the dielectric between two adjacent turns. Hence,

to increase SRF the width of the conductor should be as narrow

as possible but is limited by the increase in resistance. The

dielectric constant should be lowest but the material must

also have low loss factor. The dielectric layer between two

adjacent turns should be made as thick as possible but is

limited by the deposition process. In most of the inductors

fabricated, the thickness of the dielectric was chosen to be

4 microns. Silicon Dioxide (fused quartz) has a dielectric

constant range of 3.75 to 4.1. Thinco T-3 material has a

higher dielectric constant which is in the range of 4.0 to

4.6 but it was chosen because of its low loss property main-

tained after being deposited.

-4-

LJ



NADC REPORT NO. 78111-40

3.0 GEOMETRY OF THIN FILM INDUCTORS

The inductors of circular geometry is shown in Fig 1.0-1

but a rectangular geometry is also feasible. The compari-

son between the two geometries is made with the assumptions

that both types will require the same chip size and the

same conductor width. The dc resistance and the distributed

capacitance of the round and square geometries are compared.

It is shown in following sections that both the parameters

are lo'er for the circular geometry and was chosen on this

basis.

3.1 RESISTANC: CO'4PARIS0N

Referrinq to Fig. 3.0-1 the dc resistance per turn of an

inductor of the circular qz:!ometry is

R. 2 -TC e

r ±ln r-'-___

where f is the resistivity of th2 metal and t is the thick-

ness of the metal deposition. The resistance of that of the

square geometry is

R , + 4k -
w t

'here k is the resistance factor of a corner square and has

an empirical value of 0.55. The following table gives the

comparison of the two cases for several values of the ratio

r to w.

-5-
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RCt/e Rst/e

r = %/2 5.7 6.2 0.92

r =W 9.1 10.2 0.89
1

r = 2W 15.5 18.2 0.85

r>- w 0.79

For larue ratio of r to w the resistance of a circular

geometry is about 21'%, lower.

3.2 CONLOARISON OF DISTRIBUTriD CAPACITANCE

In comparing the distributed capacitance it is assumed that

th2 dielectric thickness and number of turns are the sane in

both cases. The area of two adjacent turns of a circular

inductor is

Ac 7r[w(2 r I + %,,,

and that of the square geometry is

i s = 4w (2 r I +w

The ratio of the distributed capacitance of the circular

geometry to that of the square geometry

Cc 7L
- - - 0.79
C s 4
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4.0 CALCULATION OF INDUCTANC'

The inductance is calculated by using Nagaoka's formula
1

given by Grover. The equation is

L 2 ( 2 K nanohenries
b

where L = inductance
a = geomeitric mean radius of the winding
b = length of the winding
N = number of turns
K = factor of end effects

K is a function of the shapa ratio 2a/b and is given

by the following series

(In + 5 6 4 109 ...I
3 1024 ( 120

in which p=b/2a. This series converges rapidly and three

terms is usually sufficient.

The geomatric moan radius, a is obtained from the following

relation

In a = ln 'r - in

where 4i is the inside radius and is given in a table by

Grover. 1

The actual inductance measured at 50 M4-z on a Iewlett--Packard

Model 4342A Q-Peter is lower than the calculated value but

Grover, F.W., Inductance Calculations, D. Van Nostrand Co.,

New York, 1946.

-7-
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differs by a fixed factor. The possible reason for the

difference is due to the fact that the deposited conductor

width is wider than that dimension of the deposition mask

due to spreading of the metal deposition and the fact that

the diameter of the winding is much greater than the length

of the coil so that the factor of end effect becomes in-

accurate. The difference in calculated and measured value,

however, is found to be a constant ratio for all different

number of turns of interest (1 to 12 ). For the L-55c

inductors (r2 = 27.5 mils, Vl = 17.5 mils) the calculated

value is greater than the measured value by a factor of 1.76

and for L-100c inductors (W2 = 50 mils, ri = 35 mils), the

factor is 1.85. By including the correction factor in the

inductance equation, the inductance value can be calculated

and agrees well with measured value for any number of turns

in the inductor.

-8-
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5.0 FABRICATION TECHNIQUE AND PROCESS

The inductor is formed by depositing alternate layers of

metal and dielectric on a substrate (10 mil thick alumina)

in a vacuum system. The sequence of deposition is shown in

Fig. 1.0-1. The sequence of deposition is summarized as

follows:

Step 1. Deposition of metal for the starting terminal and

the first half turn (Mask No. 1).

Step 2. Deposition of first dielectric layer over the

first half turn of metal (Mask No. 2).

Step 3. Deposition of second half turn of metal (Mask No. 3)

joining the first half turn.

Step 4. Deposition of second dielectric layer over the

second half turn of metal (Mask No. 4).

Step 5. Deposit the third half turn of metal joining the

second half turn of metal (Mask No. 5).

Step 6. Repeat Step 2 if total number of turns is more

than 1 .

Step 7. Repeat Step 3 if total number of turns is more

than 1.

The process is continued until the total number of turns is

reached. The process ends after the last odd number of half

turns is deposited. Therefore, the total number of turns is

always an integer of half turns, that is, 1 , 2 , 3 , etc.,

Step 8. Deposit the last half turn and the end termination

(Mask No. 6).

Step 9. Deposit dielectric to cover the entire inductor

using Masks No. 2 and No. 4.

-9-
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The metal and dielectric patterns were deposited onto a

2" x 2" x .010" alumina substrate through six different'

masks as indicated above. Each mask contains an array of

identical patterns of metal or dielectric. There are 196

L-100c inductors or 576 L-55c inductors, ani 1,156 L-30c

inductors on each substrate. Precise registration must be

maintained of the masks to the guide pins. The six masks

were mounted on a round rotating carrier in a NRC 3176S

vacuum system using a stainless steel bell jar 25 inches in

diameter by 30 inches high. Two movable crucibles were used,

one for aluminum and the other for the dielectric. Feeding

mechanisms were provided to feed the aluminum wire and die-

lectric chips to replenish the materials in the crucibles

during deposition. The entire array of inductors were com-

pleted without any interruption of the vacuum system.

An electron beam system (Airco-Temescal CV-14 unit) was used

for the energy source of deposition which is capable of pro-

ducing a maximum beam power of 14 KW. To reduce the spread-

ing of the deposited material, the masks must be kept at

close contact with the substrate. Magnetic stainless masks

were used in conjunction with a permanent magnet assembly

for pulling the masks against the substrate tightly. The

thickness of depositions was monitored by a quartz crystal

rate and thickness controller.

The array of inductors was heat treated at 450 0 C in a dry

nitrogen atmosphere after the depositions were completed

to reduce the electrical resistance at the metal interfaces

and relieve the mechanical stresses in the inductors. The

substrate was then cut to individual inductor chips by a

dicing saw.
-10-
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6.0 INDUCTNCE EN .NCFM2ENT WITH FERRITE SUBSTRATE

To achieve high inductance values, as much as 1.0 microhenry,

magnetic ferrite substrate was used. By depositing induc-

tors directly on ferrite instead of alumina substrate, the

inductance was increased. A development program was carried

out, in cooperation with Trans-Tech, Inc. to produce a suit-

able ferrite material for this application. A planar hexa-

gonal ferrite was chosen. Experiments in the firing tempera-

turewere carried out to minimize the losses at high frequencies.

Using the ferrite substrate, the inductance was increased by

about 60%. This large increase is due to the fact that the

length to diameter ratio of the thin film inductors are very

low so that the majority of the magnetic flux lines are close

to surface of the substrate.

The inductance on a non-magnetic substrate can be expressed

as L 0.4 7TN 2 A

where N = number of turns
A = equivalent cross-sectional area of the

magnetic flux path
= equivalent length of the magnetic flux path

With magnetic substrate the inductance is

L' - 0.4 M N2

Aa )tm Am

Where )a and are the equivalent path lengths of the mag-

netic flux paths in air and magnetic substrate respectively.

-3.1-
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Aa and A are the corresponding equivalent cross-sectional

area of the magnetic flux path. /Im is the permeability of

the magnetic substrate. If all the flux lines are confined

along the surface of the substrate then

and

A a =Am =A

Le 2A 0.47rn 2

1+

If/(m >> 1, then L' n' 2L. Therefore the theoretical maxi-

mum increase in inductance is 100%. In the actual inductor

there are flux lines away from the substrate surface and

)a >  m and the increase in inductance is less than 100%.

-12-
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7.0 MEASUREMENT OF THE PARAMETERS OF THE INDUCTOR

The following parameters of the thin film inductor have been

measured. The methods used for these measurements are de-

scribed in the following:

7.1 D.C. RESISTANCE MEASUREMENT

Since the D.C. resistance of most thin film inductors is only

a fraction of an ohm, resistance measurement at the two termi-

nations using a two-point method is inaccurate due to contact

resistances at the points of the probes. A four-point method

is preferred which is shown in Fig. 7.1-1. The current used

for the D.C. resistance measurement was kept low (50 ma.) to

prevent heating of the inductor.

7.2 INDUCTANCE MEASUREMENT

Several methods have been used to measure the inductance of

the thin film inductors. Different methods were used for the

reasons that correlation among them would indicate the valid-

ity of the results and the difficulty to cover a wide fre-

quency range with a single method. The methods used are de-

scribed in the following:

7.2.1 0-METER MEASUREMENT

A Hewlett-Packard Model 4342A Q-Meter was used to measure

the inductance at about 50 MHz. For inductance values of less

than 250 nh, a work coil is connected in series with the in-

ductor to be measured. The value of the tuning capacitor is

-13-
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C 1 at resonance. Then the inductor is replaced by a short-

ing bar and the tuning capacitor value for resonance is C 2 .

The value of the inductor is given by

C - C

(X2 C1 C2

where Wj is the angular frequency of the measurement. The

inductance of the shorting bar is neglected since it is

small compared to the residual inductance in the Q-Meter.

It should be noted that in the Q-Meter the measurement is made

in series resonance and therefore the inductance measured is

the effective inductance due to the distributed capacitance

in the inductor. The effective inductance is

le  L
(j )2

co

where 0 o the resonant angular frequency. If the self-resonant

frequency is much greater than the measuring frequency the

effective inductance is almost equal to the intrinsic induc-

tance. For inductances greater than 250 nh the measurement

is made without the work coil. The residual inductance in the

Q-meter is approximately 10 nh which is to be substracted from

the measured values.

7.2.2 SWEEP FREQUENCY METHOD

The block diagram of the sweep frequency method is shown in

Fig. 7.2.2.-1. The sweep frequency generator output is

-14-
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terminated by a 50 n. resistor and drives the inductor and

crystal detector in series. At frequencies near resonance

the impedance of the inductor is Q&L which in most cases

is much greater than 50.c. so the sweep frequency generator

sees approximately 50.rL . The voltage across the crystal

detector which has an impedance of 50f-l is proportional to

the current through the inductor. At the resonant frequency

of the inductor, the impedance of the parallel resonant cir-

cuit (L and Cd + C) has the maximu:m value and the output of

the crystal detector is at a minimum. When the external

capacitor C is zero, the frequency &Jo at which the minimum

occurs is the self resonant frequency. Cd represents the

distributed capacitance of the inductor. With the external

capacitance C connected the resonant frequency will be low-

ered to Cj1

The inductance L is given by

L - 0o2 _W 1 2

C1eJ 0 2 W1 2

In this method the inductance measured is the intrinsic in-

ductance since the inductance is in parallel resonance with

the capacitance.

7.2.3 NETWORK ANALYZER

In this method the inductor is connected at the load end of

a transmission line. The impedance of the inductor can be

-15-
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computed from the reflection coefficient r

zL Zo 1 + P_
ZL = 0  1 -i-p

Z is the characteristic impedance of the transmission line

which is usually 500-L resistive. The calculation is facili-

tated by using a Smith Chart. The impedance

ZL = R + jX

and X =WOLe , Le is the effective inductance as mentioned

in the Q-Meter test (Sec. 7.2.1). Measurement using this

method has been carried out using a Hewlett-Packard Auto-

matic Network Analyzer Model 8507A and a Model 11608A

Transistor Fixture in the laboratory of the Naval Air

Development Center.

7.2.4 RX-METER

RX-Meter such as the Boonton Radio Corp. Model 250-A can be

used to measure the impedance of an inductor. The measure-

ment is given as equivalent parallel reactance, Xp and re-

sistance, Rp at a given frequency. The frequency range of

the Model 250-A is 0.5 to 250 MHz.

7.3 Q-FACTOR MEASUREMENT

As in the inductance measurements there are many ways for

measuring the Q-factor. The various methods described in

the following have been used for the purpose of correlation.

-16-
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7.3.1 Q-METER METHOD

At low frequencies (up to 70 MHz) the Q factor can be

measured on the Hewlett-Packard Model 4342A Q-Meter. For

inductors up to 250 nh the Q is measured with a series work

coil in the same manner as the inductance measurement. The

Q-factor is given by

Q1 Q 2 (Cl - C 2 )Qe=
Cl Q1 - C2 Q2

where C1 and Q, are tuning capacitor value and Q reading

on the Q-Meter respectively with a shorting bar. C2 and

Q2 are the corresponding readings when the inductor is

connected.

It should be noted that the value of Q measured is the

effective value which relates to the intrinsic Q by

0 e - (1 -
02

which becomes zero at the self-resonant frequency. This

effect should be taken into account when W0ois close to the

measuring frequency.

For inductances greater than 250 nh, the Q-factor can be

measured without a series work coil, however, it is not

advisable to do so due to the resistances in the Q-meter

test jig and contacts.

-17-
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7.3.2 SWEEP FREQUENCY METHOD

The same setup as described in Sec. 7.2.2 is used to

measure the Q-factors of the inductors. The output of the

crystal detector is displayed on an oscilloscope as shown

in Fig. 7.3.2-1. If the impedance of the inductor, ZL is

much greater than 50 ohms, the curve shown represents the

current in ZL and it is the reciprocal of ZL. The 3 db

line as shown in Fig. 7.3.2-1 intersects the curve at 3db

points, then the value of Q is

Q = fo
f2 - fl

To obtain the value of Q at lower frequencies than the self-

resonant frequency, external capacitors, C is connected in

parallel with the inductor. The Q measured is the intrinsic

Q since the inductance is in parallel resonance with capaci-

tors.

7.3.3 IMPEDANCE METHOD

Using the same test setup as in the last Section above except

that the sweep frequency generator is in CW mode. The minimum

output of the crystal detector at re3onance is VO and V1 is the

output of the crystal detector when the inductor is shorted by

a shorting bar. The Q-factor can be calculated from

75V 1 - 50 VoQ =
2 7T f L Vo

where the inductance L is measured by any of the methods de-

scribed previously.
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7.3.4 NETWORK ANALYZER, REFLECTION MEASUREMENT

Same method described in Sec. 7.2.3 will also give the

value of Q

_e X
R

which is the effective value of Q as discussed before.

7.3.5 NETWORK ANALYZ, TRANSMSSION MEASUREMENT

For the trans.mission measurement the inductor is inserted

in series with the transmission line by using a special

jig. The maximum insertion loss occurs at the resonant

frequency. The impedance of the inductor at resonance is

QAL and is resistive. The insertion loss is

Eout
A = 20 log1 0 Ei

where

Eout 50
Ein QWL -- 50

Q factor can be calculated if L is known. The Q factor

measured in this method is the intrinsic value since the

inductor is in parallel resonance with its distributed

capacitance and external capacitance, if any.

Alternatively the 0-factor can be obtained from the attenu-

ation curve vs. frequency as in the method described in
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Sec. 7.3.2. The frequency between two 3db points with

respect to the value at the resonant frequency, fo is 4f

and the Q-factor is

Q0 fo
6 f

7.4 CORRELATION OF MEASURED PARA IETERS BY DIFFERENT METHODS

The measurements of the inductance and Q-factor by various

methods are influenced by many factors such as contact re-

sistances, parasitic inductance and capacitances, non-line-

arity in crystal detector response, impedance mismatch,

etc. Consequently, tne results of the mearurements by

various methods differed considerably in some cases. The

comparisons of the m3asured 'aluos by different methods

were further compromised by the fact that not all methods

can cover the same frequency range due to their limitations.

This is an important factor for Q measurements, since the

Q-value is a function of frequency.

The following is a list of values measured by various

methods. An L-55c inductor was used for all the measure-

ments made.

7.4.1 RESULTS OF INDUCTANCE MEASUREMENT

The intrinsic inductance of an L-55c inductor was measured

by various methods described above and the results are as

follows:
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1. Q-Meter at 50 M14z 23.0 nh
2. Sweep Frequency Tester at 475 Mlhz 22.1 nh
3. RX-Meter at 250 Miz 30.3 nh
4. Network Analyzer at 50 MHz 23.8 nh

at 250 MHz 19.4 nh

The instruments used in the above measurements were as

follows:

1. Q-Meter: Hewlett-Packard Model 4342A
2. Sweep Frequency

Tester: Designed & Built by Thinco
3. RX-Meter: Booton Radio Corp. Model 250-A
4. Network Analyzer: Hewlett-Packard Model 8507A and

Transistor Fixture Model I1608A

It should be noted that all the values of inductance given

above are the intrinsic values and should be independent of

frequency. The values measured by the Sweep Frequency Tester

and Network Analyzer at 50 MH1z agree within 5, of that ob-

tained from Q-Meter nmeasurement. The values measured by

RX-Meter and Network Analyzer at 250 M1Hz shoa..ed large dis-

crepancies. The low value obtained by Network Analyzer at

250 MHz is probably due to the stray capacitances in the

Transistor Fixture used in the inductor measurement. The

cause of the large inductance value given by the RX Meter is

not known.

It appears that the Q-Meter would be the preferred for

measuring intrinsic inductance. Since 50 1Hz is much lower

than the self-re ;onant frequency in most case. the mea'-ured

value is very close to the intrinsic value.
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7.4.2 RESULTS OF Q-FACTOR MEASUREMENT

The Q-factor of an L-55c inductor was measured by various

methods described above and the results are as follows:

1. Q-Meter 7.4 at 50 MHz
2. Sweep Frequency Tester, 35.8 at 342 MHz

3db points 41.6 at 431 MHz
30.9 at 518 MHz
28.7 at 758 MHz

3. S.weep Frequency Tester,
Impendance Ratio 54.4 at 342 MHz

4. RX- ete r 21.4 at 250 MHz
5. Network Analyzer,

Reflection Measurement 6.0 at 50 MHz
9.6 at 250 MHz
8.9 at 450 MHz

6. Network Analyzer,
Transmission Measurement:
(a) From insertion loss

at resonance 6.7 at 738 MHz

(b) From 3db points of

resonance curve 15.9 at 738 MHz

Large discrepancies exist among the results of Q-factor

measurements due to a number of factors. Since Q-factor is

a function of frequency and the frequency ranges of dif-

ferent method are not the same, it makes the direct compari-

son more difficult. Some of the possible causes of these

divergent results are:

Parasitic capacitances and inductances of test jig.
Contact resistances of test jig.
Non-linearity of crystal detector.

From the results of experiments it appears that for induc-

tance measurement the Q-Meter method is preferred and for

Q measurements in the frequency range of 100 MHz to I GHz
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The Sweep Frequency Tester using the 3db points of the

impedance curve seems to give reasonable results. It also

provides the capability of connecting an external chip

capacitor in parallel with the inductor for measuring the

Q-factor at frequencies lower than the self-resonant frequ-

ency. The test jig in the Network Analyzer cannot accom-

odate chip capacitors in parallel with the inductor under

test.

The higher value of Q measured by the impedance ratio method

using the Sweep Frequency Tester is due to the nonlinearity

of the crystal detector at low signal levels (below 5 my.).

L -23-



NADC RE:PoRT NO. 781 t 1-40

8.0 CONCLUSIONS

In the course of this development, the Q-factor and the self-

resonant frequency have been considerably increased. These

improvements were realized by the proper choice of geometry,

utilization of low-loss dielectric material, and precise

masking techniques.

Using the specially developed ferrite as substrate, an incre-

ase in inductance and Q-factor of up to 60'A and an inductance

of greater than 1 microhenry have been achieved. The Follow-

ing is a list of inductors fabricated using these techniques:

No of Inductance! Se f-Resonant Q-Factor .
Inductance 'ype Turns nh (1) Froa. MI!,7?.2 M1z(2)

L-55c 3 24 810 54 , 260
69 460
59 , 810

L-55c 5 53 640 45 1 180
41 (A 340
28 0 640

L-55c 6 73 520 29 , 260
31 320
30 O 520

L-55c 7 98 450 35 @ 140
31 @ 250
34 0 450

L-55cf (3)  14 475 210 100 % 60
70 , 102
60 ) 125

L-100c 8 250 185 55 1 100

L-100c 12 500 147 63 0 107

L-100cf ( 3 )  12 825 98 105 0 50

L-100cf (3) 14 1,125 87 31 k 65

(1) Measured by I1-P 4342A Q-Meter
(2) Measured by Thinco Sweep Frequency Tester
(3) Ferrite Substrate
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L R

Fig. 2.1-1. Equivalent Ctrcuit of an Inductor

Fig. 3.0-1. Geome~try of Inductor:
(a) Square
(b) Circular
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